, ClO4 -, picrate or alkylsulfonates. The system can be applied to selective electrolytic solvent extraction of ions.
Flow systems for precise and accurate coulometric determinations of ions that were developed on the basis of electrolytic ion transfer at the aqueous|organic solution (W | O) interface are reviewed. The electrolysis cell in the system is composed of a porous poly(tetrafluoroethylene) tube (1.0 mm inner diameter), a metal wire (0.8 mm diameter) inserted into the tube, O into which the tube is immersed, a reference electrode in O and a platinum wire counter electrode in O. The electrolysis is carried out by forcing W containing a species of interest to flow through the narrow gap between the tube and the metal wire. The coulometric determination can be performed with an efficiency of more than 99% and a precision of better than 0.2% based on the ion transfer under an optimum condition, even if the ion is redox inert such as Na + , K + , Mg
2+
, Ca

Introduction
Coulometry is one of important branches of analytical chemistry because of its unique advantage as an absolute method 1,2 that enables the determination of species without using a calibration curve. Coulometry has been applied not only to the accurate and precise determinations, 3 but also to the identification of electrolysis products and elucidation of electrode processes. [4] [5] [6] [7] Coulometry is considered to be especially useful for the absolute determination of compounds that decompose or explode easily by heating, since it is difficult to dry such compounds to constant weights and to determine the compounds by gravimetric analysis.
Though electrochemical principles applied to coulometric works performed so far have been redox reactions [1] [2] [3] [4] [5] [6] [7] except for the works introduced in this review, [8] [9] [10] [11] [12] [13] [14] [15] the ion transfer reactions at the aqueous | organic solution, W | O, interface, [16] [17] [18] which have been investigated extensively during the last few decades as a field of electrochemistry, are expected to provide another principle applicable to coulometry. If coulometry expands its field to the interfacial ion transfers, the precise and absolute determination becomes possible not only for species that are easily oxidized or reduced in solutions, but also for those that are not easily oxidized or reduced.
The quantitative total electrolysis at the W | O interface is required for the coulometric determination of an ionic species based on its interfacial transfer. Here, the total electrolysis means the transfer of all of the ionic species of interest in W (or O) to O (or W) due to the potential difference, E, applied between W and O. Several methods have been proposed for the total electrolysis. The primitive one was the electrolysis carried out merely by applying E between W and O that were stirred individually. In this method, a fairly long time was required for the total electrolysis; e.g., 2 to 4 h was necessary when the volumes of W and O, V, were 10 mL and the area of the W | O interface, A, was about 5 cm 2 depending on the rate of the stirring. Kitatsuji et al. developed a cell in which the W | O interface was stirred instead of the bulk volumes of W and O 8 (see Fig. 1 ), and demonstrated that the electrolysis with an efficiency of more than 98% could be attained within 20 min. Sawada et al. developed a micro-flow cell with a hydrophobic membrane-stabilized W | O interface 9 (see Fig. 2 ). They found that the electrolysis with an efficiency of more than 90% could be attained within 1 min by the cell.
Another requirement for the coulometric determination in the absolute analysis is the accuracy and precision of the total electrolysis. The most serious difficulty in achieving the accurate and precise coulometry for the ion transfer is that a long time is necessary to attain the quantitative total electrolysis, since the ratio of A/V is usually small. When a long time is required for the electrolysis, a serious error connected with the background correction may arise. Therefore, it is essential to make the electrolysis rapid for the accurate coulometric determination. Of course, rapid electrolysis is also important from the viewpoint of the practical analysis.
Since the instantaneous current, It (ampere), at the time after the beginning of the electrolysis, t (s), can be expressed as Eq. (1) by using the initial current, I0 (ampere), and the attenuation constant, λ, when the E applied at the W | O interface is sufficient, it is necessary to make λ large for the rapid electrolysis.
The λ is the function of A (cm 2 ), V (cm 3 ) of W or O where the ion of interest exists, the diffusion coefficient of the ion, D (cm 2 s -1 ), and the thickness of the diffusion layer at the interface, δ (cm).
According to Eqs. (1) and (2), the rapid electrolysis is attained when the ratio of A/V is large and δ is small. The electrolysis with the direct stirring of the W | O interface and that with the micro-flow cell with a hydrophobic membrane-stabilized W | O interface described above are ideas to enlarge the W | O interface, though they were not evaluated as the accurate and precise coulometric methods.
The present authors and colleagues developed flow cells (see Fig. 3 ) for the rapid and coulometric ion transfer at the W | O interface [10] [11] [12] 15 by utilizing a porous poly(tetrafluoroethylene), PTFE, tube (1.0 mm inner diameter) with a metal wire (0.8 mm Fig. 1 Cell for rapid batch electrolysis at the stirred W | O interface. 8 1, Inner vessel; 2, W in inner vessel; 3, O (nitrobenzene, NB) in inner vessel; 4, W|NB interface; 5, outer vessel; 6, W in outer vessel; 7, O (NB) in outer vessel; 8, membrane; 9, stirring rod; 10 and 11, counter electrodes (platinum nets) in W in the inner and outer vessels; 12 and 13, reference electrodes in W (SSE) and NB (TMAE) in the inner vessel. Fig. 2 Micro-flow cell with membrane supported organic phase proposed for total electrolysis. 9 1, Silver plate; 2, polyester gasket with a thin channel; 3, PTFE membrane filter; 4, PTFE draining board; 5, NB solution; 6, aqueous solution; W, aqueous sample solution; RE, reference electrode; CE, counter electrode. diameter) inserted into the tube. The tube was immersed in O, and the W containing a species of interest was forced to flow through the narrow gap (called the W-path, hereafter) between the tube and the metal wire. The electrolysis was performed by applying E between W and O. The cell was named as the Flow Electrolysis Cell for Rapid Ion Transfer, and abbreviated as FECRIT. When a FECRIT was used, the quantitative ion transfer with efficiency more than 99% could be attained rapidly, within 1 min, since the ratio of A/V was very large and δ at the W | O interface was decreased by the flow of W in FECRIT.
In the present article, the performance of the FECRIT will be reviewed from the view-points of the accurate and precise coulometric determination 10, 12, 15 or electrolytic solvent extraction 11 of ionic species, after a brief introduction of total electrolysis methods proposed so far. The applicability of the FECRIT to the flow injection analysis and the usefulness of the two-step FECRIT system in the automated analysis 12 will be also discussed.
Cells for Rapid Total Electrolysis at the W | O Interface
Various methods have been proposed in order to enlarge the A/V ratio, decrease δ, and attain the total electrolysis at the W | O interface rapidly. They are classified into 2 categories, i.e., batch method and flow method. Here, the O employed most frequently in the field of total electrolysis has been nitrobenzene, NB, or 1,2-dichloroethane, DCE. 8 The cell used is illustrated in Fig. 1 . An inner vessel (1) of 40 mm diameter contained 25 mL of W (2) and 25 mL of O (3). The O was NB. The geometric area of the W | NB interface (4) was 12.6 cm 2 . An outer vessel (5) of 52 mm diameter contained W (6) and NB (7). The NB solutions in the inner and outer vessels were separated by a membrane (JHWP, Millipore) (8) . The counter electrodes, CE, in W in the inner (10) and outer vessels (11) were platinum nets (100 mesh, 20 × 50 mm). The reference electrodes, RE, in W (12) and NB (13) in the inner vessel were silver-silver chloride electrode, SSE, and tetramethylammonium ion selective electrode, 20 TMAE, respectively. A stirring rod made of glass with 3 flat blades of 5 × 10 mm was placed at the center of the inner vessel, and the W | NB interface was stirred during electrolysis.
2·1
The performance of the cell was investigated based on the reversible transfer of Cs + at the W|NB interface. The results confirmed that more than 98% of Cs + in W was transferred to NB by controlled potential electrolysis with the stirring at a rate of 350 rpm for 20 min when the E applied at the W|NB interface was sufficient for the transfer of Cs + , which demonstrated that efficient electrolysis could be attained by the direct interface stirring method. The λ value (see Eq. (1)) attained by the electrolysis was calculated by using the current-time plot in Ref. ; this is about one order larger than the λ value observed by the electrolysis at the W | O interface with the stirring of the bulk volumes of W and/or O. In this connection, when the stirring rate was faster than 450 rpm, small droplets of aqueous and nitrobenzene solutions appeared in the bulks of NB and W phases, respectively, and the electrolysis efficiency was decreased. When bulk volumes of W and NB phases were both stirred at a rate of 350 rpm instead of the interface, and the electrolysis was carried out for 120 min, the electrolysis efficiency was about 55%.
2·2 Flow electrolysis at the thin layer cell
A few types of flow cells with thin aqueous sample solution layers have been proposed in the search for the coulometric determination based on the ion transfer.
2·2·1 Flow cell with membrane supported organic phase
The flow cell illustrated in Fig. 2 was proposed by Sawada et al. 9 A silver plate of 30 × 41 × 5 mm (1) was used as both RE and CE. The surface of the silver plate was polished by using a 0.3-μm aluminum oxide lapping film, and pre-electrolyzed to form a silver-chloride layer on it. On the silver plate, a thin channel 1 mm wide and 48 cm long was formed by using a polyester gasket made of an OHP film 0.1 mm thick (2) . On the gasket, a PTFE membrane filter of 0.10 μm pore size (3) and a PTFE draining board of 3 mm thick (4) were piled up. Over the board, NB (5) and W (6) containing supporting electrolytes, SE, were placed, and RE and CE were inserted into NB and W, respectively.
The performance of the flow cell was investigated based on the transfer of tetramethylammonium ions, TMA + , by injecting 20 to 200 μL of aqueous sample solution containing 0.5 to 2 mM (M = mol dm -3 ) of TMA + into the stream of W containing only SE. The transfer of TMA + was accomplished by applying E sufficient for the transfer at the W | NB interface. The efficiencies of electrolytic ion transfers were evaluated from the peak areas due to the ion transfers to be 90 to 99% (n = 4: with precisions of ±1 to ±4%).
The flow cell was also applied to the determination of the number of electrons for the electron transfer between L-ascorbic acid in W and tetrachloroquinone in NB.
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2·2·2 Flow cell composed of a porous PTFE resin tube
Though the cells of Figs. 1 and 2 were proposed for total electrolyses based on interfacial ion transfer reactions, the precisions and accuracies attained by these cells were not sufficient compared with those obtained by the ordinary coulometry based on redox reactions (i.e., accuracy better than 99% and precision better than ±0.1% level). Another difficulty with the cell of Fig. 2 is that the structure of the cell is rather complicated and hence its fabrication is not easy.
The FECRIT of Fig. 3 was developed by the group of present authors as a new cell that could overcome the above difficulties. [10] [11] [12] 15 The fabrication of FECRIT, the procedure for the electrolysis with FECRIT and some applications of FECRIT will be described in detail in Sects. 3 and 4. 2·2·3 Flow cell composed of porous polypropylene tube doped with reagents for the polymeric ion-selective electrode Since the FECRIT system requires a large volume of volatile organic solvent and rather high quantities of special chemicals such as ionophores, the group of Bakker proposed a liquid membrane based coulometric ion detector with membrane components typically used in polymeric ion-selective electrodes in order to escape from the restrictions of FECRIT.
14 The cell is composed of a porous polypropylene tube of 600 μm inner diameter, 200 μm wall thickness and 7 cm length (1) and a silver wire 500 μm in diameter coated with silver chloride (2) inserted into the tube as illustrated in Fig. 4 . The porous tube was doped with the membrane cocktail containing dodecyl 2-nitrophenyl ether, tetradodecylammonium tetrakis(4-chlorophenyl)borate, potassium tetrakis[3,4-bis(trifluoromethyl)-phenylborate, an ionophore (ETH 5234 when the target ion is Ca 2+ ), a high molecular weight poly(vinyl chloride) and tetrahydrofuran. The obtained tube was left to dry for a day, and the resulting tube was dipped in an aqueous solution (3) in which RE and CE were placed. Then, the inside of the tube was washed continuously for a day by flowing aqueous solution in the presence of the ion of interest.
The performance of the cell was evaluated by the determination of Ca 2+ in aqueous sample solutions as follows: the aqueous sample solution (W) was introduced into the tube; after the flow was stopped, three pulses of potential differences (the initial 20 s pulse of the open circuit potential, OCP, the second 30 s calcium extracting pulse (OCP + 150 mV) and the third 60 s pulse at OCP) were applied between the silver wire and RE in the outer aqueous solution. The coulomb numbers observed were linear to the concentration of Ca 2+ in the range between 10 -5 and 10 -4 M. The background correction was not made, and hence the accuracy was not discussed in this work. However, the relative standard deviations of coulomb numbers observed were reported to be very good as 0.11 and 0.70% for three repeated measurements (n = 3) of 10 -5 and 10 -4 M Ca 2+ , respectively. The result indicates that the cell of Fig. 4 , in which no volatile organic solvent exists will also be promising for coulometric analysis, though it is difficult to utilize the merits of a flow system such as FECRIT (see Sects. 3 and 4) since the electrolysis is carried out after stopping the flow of the sample solution.
FECRIT-Structure, Characteristics and
Applications to Precise Coulometric Determinations-3·1 Structure of FECRIT and the procedure for coulometric determination As illustrated in Fig. 3 , the FECRIT consisted of a porous PTFE resin tube (1) (1 mm inner diameter, 2 mm outer diameter, 50 cm length (unless otherwise stated), 1 μm pore size and 60% pore density; Poreflon TM tube, TB-0201; a product of Sumitomo Electric Fine Polymer Inc.), a metal wire (2) (0.8 mm diameter (unless otherwise stated)) inserted into the tube, a platinum wire (3) placed outside and parallel to the tube and a tetraphenylborate ion selective electrode, TPhBE, or a tetraethylammonium ion selective electrode, TEAE, which was the RE in O (4). The O employed was DCE. The metal wire in PTFE tube was a silver wire coated with silver chloride, [10] [11] [12] Ag/AgCl wire, or a copper wire, 15 Cu wire. In the following, the FECRIT system equipped with Ag/AgCl or Cu wire will be called the Ag/AgCl-or Cu-FECRIT system, respectively.
The tube with the metal wire was immersed in DCE containing 0.01 M bis(triphenylphosphoranylidene)ammonium tetrakis- [3,5- 1, Porous polypropylene tube doped with the cocktail for the polymeric membrane of ion selective electrode; 2, silver wire coated with silver chloride; 3, aqueous outer solution; 4, lead for silver wire; RE, reference electrode; CE, counter electrode; W, aqueous sample solution.
Electrolysis was performed by forcing W containing a species of interest and SE to flow at a constant rate, f, through the W-path (5) between the tube and the metal wire with the aid of a syringe pump. This method of electrolysis will be called the "homogeneous solution flow method" hereafter. The SE added in W was a Cl -salt (MgCl2, CsCl or HCl) or CuSO4 of rather high concentration (0.01 to 0.1 M) in order to depolarize the interface between W and the Ag/AgCl or Cu wire based on AgCl/Ag or Cu 2+ /Cu redox reaction, respectively. The W | DCE interface (6) was formed at the inner surface of the tube, since the tube is hydrophobic. In the electrolysis, the metal wire worked as both the RE and CE in W. The platinum wire worked as a CE in DCE. The E was applied as the potential of W referred to that of DCE using the metal wire in W and the RE in DCE. In this connection, TEAE has been used more frequently than TPhBE in recent works. The configuration of TEAE is shown in Eq. (3) . (3) In Eq. (3), SSE and CuE denote a silver-silver chloride electrode and a copper redox electrode, respectively. The CuE was composed of a copper wire immersed in an aqueous solution of 0.05 M CuSO4. TEA + TPhB -denotes tetraethylammonium tetraphenylborate. The aqueous solution and DCE in TEAE are indicated as WRE and DCERE, respectively. The potential of TEAE with SSE or CuE was determined to be +0.019 ± 0.005 V versus TPhE based on a procedure described elsewhere. 22 Here, TPhE is an imaginary potential where the transfer Gibbs energy corresponds to zero, and is determined under the extrathermodynamic assumption. 23 The configuration of TPhBE was described in the previous paper, 24 and the potential of TPhBE was reported to be -0.370 V versus TPhE. 25 In another method of electrolysis which will hereafter be called the "flow injection method", a definite volume of the sample solution was introduced into the stream of a carrier solution containing only SE by using an injector for liquid chromatography placed in front of the FECRIT.
In the measurements performed by both the homogeneous solution flow method and the flow injection method, W was forced to flow through the FECRIT at f of 0.1 mL min -1 unless otherwise described.
3·2 Two-step FECRIT
In order to remove the interference from diverse ions, the two-step FECRIT system was developed 12 by connecting 2 FECRITs in series (see Fig. 3(d) ). In this system, the 1st step FECRIT was used for the removal of the diverse ions, and the 2nd one for the coulometric determination of the ionic species of interest.
3·3 Voltammetric response of FECRIT
The characteristics of the FECRIT were investigated based on the current-potential difference, I-E, relation observed at the W | O interface in the FECRIT. In this investigation, the transfer of K + from W to DCE facilitated by dibenzo-18-crown-6 (see Fig. 5 ), DB18C6, was taken as an example, and the I-E curve was recorded by forcing W containing 5 × 10 -4 M KCl to flow at f of 0.1 mL min -1 through the Ag/AgCl-FECRIT system with DCE containing 0.05 M DB18C6. The SE added in W was 0.1 M MgCl2. The E applied between the Ag/AgCl wire in W and TPhBE in DCE was scanned at a rate, υ, of 0.005 V min -1 and I between the Ag/AgCl wire in W and the platinum wire in DCE was measured. The resulting I-E curve is shown as curve 1 in Fig. 6 after correction for the background current (curve 2 in Fig. 6 ).
The half wave potential, E1/2, of the positive current wave in the I-E curve (curve 1 in Fig. 6 ) was almost the same as that for the transfer of K + from W to DCE facilitated by DB18C6 observed at the ordinary W | DCE interface. 26 The limiting current, Il, of the wave was proportional to the concentration of K + in W, cK + , in the range between 5 × 10 -5 and 2 × 10 -3 M, and could be expressed as Eq. (4) similarly to the Il in the I-E curve for the redox reaction at a column electrode in a flow system. 27 Such results indicated that the quantitative ion transfer (total electrolysis) was attained over the E range available for the Il. 
Here, E o′ , R and T are the formal potential for the ion transfer, the gas constant and the absolute temperature, respectively. DO and DW are diffusion coefficients of the ion in O and W, respectively.
The characteristics of curve 1 in Fig. 6 described above suggest that the reversible transfer of K + proceeds even at the W|DCE interface formed between W and the porous PTFE tube immersed in DCE. It was confirmed by varying f that the I-E curve for the K + transfer showed the reversible characteristics, and Il was proportional to f, as far as f was between 0.05 and 0.2 mL min -1 .
3·4 Coulometric determination of ionic species by using
FECRIT system In order to evaluate the capability of the FECRIT system for the coulometric determination, effects of f, length of the tube, l, diameter of the metal wire, d, and c on the efficiency of the electrolysis at the FECRIT, ε, were investigated. 10 Equation (4) indicates that the absolute determination of an ion can be attained by using Il. Another quantity available for the absolute determination is the coulomb number, Q. When the electrolysis is carried out for time t at E in the range of Il, the theoretical value of Q, Qt, is expressed as Eq. (6) by integrating Il from 0 to t.
Since the integration of f gives the volume of W, U, flowing through the cell during the electrolysis, Eq. (6) can be rewritten as Eq. (7).
Therefore, ε (%) can be expressed as Eq. (8) by using Q obtained experimentally.
Though both Il and Q can be used for the coulometric determination of an objective species, Q is preferable for high accuracy and precision since both Q and U can be measured more accurately and precisely than Il and f. Therefore, Q was adopted in the accurate and precise determination of an ion by the FECRIT or in the evaluation of ε.
In , but decreased to about 85% when f was 0.5 mL min -1 . Effect of l: The ε observed with the Ag/AgCl-FECRIT system of d = 0.8 mm at f = 0.1 mL min -1 was more than 99.5% when l was longer than 20 cm, but decreased to about 69 or 45% when l was 10 or 5 cm, respectively.
Effect of d:
The ε values observed with the Ag/AgCl-FECRIT system of l = 50 cm at f = 0.1 mL min -1 were about 99.8, 99.7, 99.4 and 95% when d was 0.9, 0.8, 0.7 and 0.5 mm, respectively.
The results given above indicate that ε higher than 99% is attained by the FECRIT with the tube of l = 50 cm and the Ag/AgCl wire of d = 0.8 mm, when f is less than 0.2 mL min -1 (the W stayed in the tube for about 40 s at this f). In this regard, the relation of Eq. (9) was found among ε, l and f similarly to the relation for ε at the column electrode.
where K is a constant composed of the diffusion coefficient of the ion, the area of the W | DCE interface and the cross section of the W-path. Table 1 shows the dependence of ε (n = 5) on cK + in W observed by forcing W to flow at f of about 0.1 mL min -1 . The ε was larger than 100% when cK + was lower than 2 × 10 -4 M. This discrepancy was attributed to an inaccurate correction for the background, since the coulomb number for the background was considerably large compared with the value for the transfer of K + when cK + was low. When cK + was between 2 × 10 -4 and 2 × 10 -3 M, ε was between 99 and 100% with standard deviations less than 1% (n = 5). Here, when cK + was 5 × 10 -4 M, the accuracy and precision were 99.7 ± 0.1%. When cK + was higher than 5 × 10 -3 M, ε was considerably smaller than 100%, which can be explained by considering that the area of the CE (platinum wire in DCE) is too small to undertake the current flowing at the W|DCE interface. In fact, ε was improved from 72 to 98% when the area of the CE was enlarged to be twice. In connection with the performance of the FECRIT, the λ value (see Eq. (1)) at the FECRIT of l = 50 cm and d = 0.8 mm was estimated to be 0.065 s -1 by the electrolysis of 5 × 10 -4 M K + in W-path carried out without flowing the solution (i.e., f = 0). 10 Here, the λ value might be much larger when the solution is forced to flow.
3·5 Coulometric determination of K + by flow injection method
The feasibility of the FECRIT as a detector in flow analyses such as liquid chromatography or flow injection methods was investigated. A 50-μL volume of an aqueous sample solution containing 2.5 × 10 -5 to 5 × 10 -3 M K + and SE (0.1 M MgCl2) was injected from the sample injection part of the Ag/AgCl-FECRIT system into the stream of W (f = 0.2 mL min -1 ) containing only SE. The DCE contained 0.05 M DB18C6. The E applied at the W|DCE interface was -0.25 V versus TPhBE.
As shown in Fig. 7 and its inset, the peak current, Ip, observed was almost proportional to the concentration of K + . Table 2 summarizes average coulomb numbers under the peaks in current-time curves obtained by 5 repeated measurements. The result indicates the flow injection analysis could attain fairly good accuracy and precision.
3·6 Determination of Ca
2+ in the presence of diverse ions -Application of the FECRIT to the determination of Ca 2+ in blood serumThe electrochemical method applied most frequently for the determination of Ca 2+ in clinical samples so far is potentiometry with an ion-selective electrode, ISE. However, it is not easy to obtain meaningful results based on the potential at the ISE which is linear to the logarithm of the concentration of the ion, since the variation of the concentration of Ca 2+ , cCa 2+ , in the sample is small. For example, the range of the normal concentration of Ca in a blood serum sample is reported to be between 2.12 and 2.55 × 10 -3 M. [28] [29] [30] The coulometry by using the FECRIT system is expected to be useful for the precise electrochemical determination of Ca 2+ . It overcomes the difficulty of the ISE, since Il or Q observed by the FECRIT is proportional to cCa 2+ , and it is available for the absolute determination without using a calibration curve. The following is the example of the application of the Ag/AgCl-FECRIT system to the determination of Ca 2+ in a blood serum sample. The blood serum contains K + and Mg 2+ of concentrations, c, similar to cCa 2+ and Na + of c about 50 times larger than cCa 2+ in addition to Ca 2+ . 28 The effect of these diverse ions on the determination of Ca 2+ by the Ag/AgCl-FECRIT system was investigated by using ionophores such as bis(diphenylphosphinyl)-methane, BDPPM, bis(diphenylphosphinyl)ethane, BDPPE, and N,N,N′,N′-tetraoctyl-1,3-oxapentanediamide, TODGA, (see Fig. 5 seriously with the determination of Ca 2+ . When the ionophore was BDPPE, though a well defined wave for the transfer of Ca 2+ was observed, no currents attributable to the transfer of Na + or K + were observed in the potential window when c was identical to cCa 2+ (10 -4 M); this result indicates that the interference from Na + or K + is not significant. Here, the potential window means the potential region limited by the large positive and negative currents due to the transfers of SE ions (called as the final rise and the final descent, respectively). On the other hand, the transfer of Mg 2+ (10 -4 M) was observed in the potential window, and BDPPE was concluded to be not appropriate for the determination of Ca 2+ in the presence of Mg 2+ . This is because the difference in E available for the transfer of Ca 2+ from that of Mg 2+ was insufficient for the selective determination of Ca 2+ , though the transfer of Ca 2+ facilitated by BDPPE occurred more easily than that of Mg 2+ . When the ionophore was TODGA, a well defined I-E curve for the transfer of Ca 2+ was observed, as shown as curve 1 in Fig. 8 gave a straight line with a slope of 0.030 ± 0.002 V suggesting that the transfer of Ca 2+ from W to DCE facilitated by TODGA was reversible. The Il of the wave was proportional to cCa 2+ in W in the range between 2.5 × 10 -5 and 10 -3 M, and close to the theoretical value indicating that Ca 2+ in W flowing into the tube was completely transferred to DCE while W was in the tube (e.g., 40 s).
The Q and ε were also investigated based on the electrolysis at E = +0.12 V versus TEAE for 30 min performed by forcing W containing various cCa 2+ of Ca 2+ to flow at f = 0.1 mL min -1 into the Ag/AgCl-FECRIT system with DCE containing 0.01 M TODGA. As listed in Table 3 , ε was between 99 and 101%, and the standard deviation (n = 5) was better than 1% when cCa 2+ was between 5 × 10 -5 and 10 -3 M. When cCa 2+ was between 10 -4 and 5 × 10 -4 M, the accuracy was between 100.1 and 99.7% and the precision was 0.1 or 0.2%, respectively.
The I-E curve at the interface between W containing 2 × 10 -4 M Na + , K + or H + in addition to 5 × 10 -3 M MgCl2 (SE) and DCE containing 0.01 M TODGA gave a wide potential window, and did not give any currents attributable to the transfer of Na + , K + or H + in the potential window (see Fig. 8 ). Therefore, TODGA was considered to facilitate the transfer of Ca 2+ selectively differentiating from Na + , K + , H + and Mg 2+ . However, the facilitation by TODGA was not selective enough to avoid the interference from Na + of c about 50 times larger than cCa 2+ , 28 as indicated by the I-E curve (curve 2 in Fig. 8 ) observed by forcing W containing 0.01 M NaCl and 5 × 10 -3 M MgCl2 (SE) to flow through the Ag/AgCl-FECRIT system with DCE containing 0.01 M TODGA.
The interference from Na + could be removed by using the two-step FECRIT system (see Fig. 3(d) ). In the system, the 1st step FECRIT was used for the removal of Na + , and the 2nd one for the coulometric determination of Ca
2+
. The transfer of Na + was facilitated by adding 0.01 M bis[(12-crown-4)methyl]-2-dodecyl-2-methylmalonate, bis(12-crown-4), (see Fig. 5 ) to DCE in the 1st step FECRIT, and Na + in W was removed selectively leaving Ca 2+ in W by applying E available for the Il such as +0.21 V versus TEAE. In this connection, the positive current wave for the transfer of Na + facilitated by bis(12-crown-4) showed reversible characteristics, and E1/2 of the wave was at 0.066 V versus TEAE.
The removal of Na + was investigated, based on the flow injection method, by injecting 50 μL of an aqueous sample solution containing 0.01 M Na + in the presence or absence of 2 × 10 -4 M Ca 2+ to W (carrier solution) containing only SE (5 × 10 -3 M MgCl2). The W was forced to flow through the two-step FECRIT system at f = 0.1 mL min -1 . The removal of Na + was performed by applying +0.21 V versus TEAE to the 1st step FECRIT with DCE containing 0.02 M bis(12-crown-4). The Na + or Ca 2+ which had not been transferred to DCE at the 1st step FECRIT and flowed into the 2nd step FECRIT was monitored by recording the current at the 2nd step FECRIT. Here, the electrolysis at the 2nd step FECRIT with DCE containing 0.01 M TODGA was carried out by applying +0.12 V versus TEAE as E. When the sample solution containing 10 -2 M Na + only (in the absence of Ca 2+ ) was injected, the peak current at the 2nd step FECRIT was very small and the peak area corresponded to less than 5 × 10 -6 coulomb (n = 5). When the sample solution containing 0.01 M Na + and 2 × 10 -4 M Ca 2+ was injected, a peak current corresponding (1.92 ± 0.02)× 10 -3 coulomb (n = 5) was observed at the 2nd step FECRIT. Since the transfer of injected Ca 2+ should theoretically give 1.924 × 10 -3 coulomb, the above-described results indicate that the interference from Na + in the determination of Ca 2+ could be removed at the 1st step FECRIT of the two-step FECRIT system even when the concentration of Na + was 50 times that of Ca 2+ . In connection with the two-step FECRIT system, Gohara and Osakai used the system for the separation and determination of acetylcholine and choline ions of which the transfer energy values are differ only by 60 mV.
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3·7 Determination of various anions by the FECRIT
equipped with a copper wire The Ag/AgCl-FECRIT system is useful for the coulometric determination of cations that transfer from W to O at relatively positive E as described above. However, the determination of ions that transfer at negative E is difficult, since the negative side of the potential window is narrow due to the transfer of Cladded as the SE anion in W. Here, Cl -was added to W in order to depolarize the interface between Ag/AgCl wire and W based on the AgCl/Ag redox reaction, and to keep the fluctuation of E at the W | O interface negligible even under the current flow.
In order to expand the negative side of the potential window, it is necessary to exchange Cl -that is not hydrophilic enough for a fairly hydrophilic anion such as SO4 2- . Therefore, various combinations of metal wires and SE in W were investigated as the RE/CE in W, and a new FECRIT system (called as the Cu-FECRIT system) was developed by using Cu wire instead of Ag/AgCl wire and CuSO4 as SE in W instead of the salt of Cl -. The Cu wire|W interface in this system was depolarized based on the Cu 2+ /Cu redox reaction. The potential window was expanded dramatically by using the Cu-FECRIT system, and well developed negative current waves were observed for transfers of anions such as perchlorate, picrate and alkylsulfonates from W to DCE as seen in Fig. 9 . The logarithmic analysis of the I-E curves for transfers of anions gave straight lines with slopes of 0.061 ± 0.003 V when f values were between 0.05 and 0.2 mL min -1 suggesting the transfers of the anions at the W | DCE interface of the Cu-FECRIT system were reversible.
The electrolysis was carried out for 30 min by forcing W containing ClO4
-of various concentrations, cClO 4 -, and 0.05 M CuSO4 to flow at f = 0.1 mL min -1 through the Cu-FECRIT system with DCE containing 0.01 M BTPPA + TFPB -. The E applied at the W | DCE interface was -0.32 V versus TEAE. Here, the sample solutions of ClO4 -were prepared from commercially available Na + ClO4 -of reagent grade under the assumption that the purity of the reagent was 100.0% though the reagent contained water. The cClO 4 -determined based on the average Q obtained (n = 5) by the electrolysis were (0.9814 ± 0.0018), (1.966 ± 0.002) or (4.891 ± 0.011)× 10 -4 M when cClO 4 -taken were 1, 2 or 5 × 10 -4 M, respectively (factor = 1.0004 when Na + ClO4 -was assumed to be 100.0%). The result indicates that the coulometric determination of an anion such as ClO4
-can be performed precisely by the Cu-FECRIT system. From the result, the purity of Na + ClO4 -used to prepare the sample solutions of ClO4 -was estimated to be 98.1 ± 0.2%. It was also confirmed by using the Cu-FECRIT system that picrate or CH3(CH2)xSO3
-(x = 8 or 9) of 10 -4 M level could be determined coulometically with the precision identical to that observed for ClO4 -.
Electrochemical Solvent Extraction of Ionic Species by Using FECRIT System
The highly quantitative transfer of ions from W to DCE can be attained rapidly by using the FECRIT as described above, which means that the FECRIT is useful not only for the coulometric determination of ions, but also for the quantitative solvent extraction under the applied E (i.e., electrochemical solvent extraction). The electrochemical solvent extraction is expected to be highly selective, since E that determines the distribution coefficient can be controlled precisely by using an outer electrolytic circuit. The FECRIT system was applied to the mutual separation of actinide elements (An: U, Np or Pu) by electrochemical solvent extraction.
4·1 Elecrochemical solvent extraction of An ions at the
FECRIT with BDPPE as an ionophore Curves 1, 2 and 3 in Fig. 10 The Il of the wave for the transfer of UO2 2+ was proportional to the concentration of UO2 2+ in W, cUO 2 2+ , in the range between 10 -5 and 10 -3 M, and could be expressed by Eq. (4).
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The electrolysis was carried out for 30 min by applying 0 V versus TEAE as E in the range of Il under the condition the same as that for curve 1 in Fig. 10 , but by varying f. The Q (n = 5) obtained with W of cUO 2 2+ = 10 -4 M demonstrated that an ε higher than 99% was attained by the system when f was less than 0.2 mL min -1 ; i.e., 99.6 ± 0.2, 99.8 ± 0.1 or 99.5 ± 0.5% when f was 0.05, 0.1 or 0.2 mL min -1 , respectively. The effect of cUO 2 2+ on ε (n = 5) was also investigated by forcing W to flow at f = ca. 0.1 mL min -1 . Though ε was as large as 101.3 ± 1.4% or as small as 95.5 ± 1.6% when cUO 2 2+ was as low as 2.5 × 10 -5 M or as high as 2.5 × 10 -3 M, respectively, ε was between 99 and 101% with standard deviations less than 1% (n = 5) when cUO 2 2+ was between 5 × 10 -5 and 10 -3 M. When cUO 2 2+ was 10 -4 M, the ε (n = 5) was 100.1 ± 0.2%.
When NpO2 2+ and PuO2 2+ were examined instead of UO2 2+ by using the Ag/AgCl-FECRIT system with BDPPE, I-E curves almost identical to curve 1 in Fig. 10 31 The adjustment of the oxidation state could be performed by using a column electrode system connected in front of the FECRIT system in series. The quantitative electrolysis can be attained within a few minutes when an appropriate potential is applied to the column electrode. 6 For example, when a sample solution containing U, Np and Pu ions was introduced to a two-step column electrodes system, the oxidation states of U, Np and Pu ions were adjusted to U 4+ , Np 3+ and Pu 3+ , respectively, by the electrolysis at the 1st column electrode of a potential more negative than -0.3 V versus SSE. Then, the U 4+ and Np 3+ that entered into the 2nd column electrode of potential between +0.35 and +0.6 V versus SSE were converted to UO2 2+ and Np 4+ , respectively, leaving Pu 3+ as it was. The UO2 2+ prepared by using the two-step column electrode system could be extracted quantitatively separating from the Np 4+ and Pu
3+
, when the solution was forced to flow through the Ag/AgCl-FECRIT system with BDPPE to which -0.050 V versus TEAE was applied. Since the differences between the E available for the extraction of UO2 2+ and those for Np 4+ 3+ in addition to 0.1 M HCl (SE) was pumped at f = 0.1 mL min -1 through the FECRIT with DCE containing BDPPE and electrolyzed at E = -0.050 V versus TEAE, the UO2 2+ , Np 4+ or Pu 3+ in the effluent were determined to be less than 10 -5 , (4.9 ± 0.3)× 10 -5 or (4.9 ± 0.4)× 10 -5 M, respectively, indicating that the quantitative extraction of UO2 2+ separating from Np 4+ and Pu 3+ was attained. Here, UO2 2+ was determined spectrophotometrically by using Arsenazo III, 32 and Np 4+ and Pu 3+ were determined by the liquid scintillation method. 33 In connection with this experiment, the ordinary solution of spent nuclear fuel contains U of much larger concentration than those of Np and Pu.
Conclusions
The present review confirms that the accurate and precise coulometric determination or the selective electrochemical solvent extraction of ionic species could be achieved by using the Ag/AgCl-or Cu-FECRIT system based on the ion transfer at the W|DCE interface, even if the ionic species were redox inert. The interferences from diverse ions were removed with the aid of the two-step FECRIT system. Because of the advantages of the FECRIT system, the followings are expected for the application of the FECRIT system.
(1) Since the coulometric determination by homogeneous solution flow method is very precise (e.g., deviation of 0.1% level), the FECRIT system is considered to be useful especially for the coulometric determination (i.e., absolute determination) of the purity of an ion included in a salt that decomposes or explodes easily such as perchlorate or picrate salt since it is difficult to dry the salt to be a constant weight and to determine the salt by gravimetric analysis, the other absolute method besides coulometry.
(2) The rapid and quantitative absolute determination which does not require any calibration curves could be attained by using the FECRIT system. Therefore, the FECRIT system is expected to be useful for the analysis of many routine samples such as clinical samples by the flow injection method.
(3) The FECRIT system is expected to be useful for the coulometric determination or solvent extraction by remote operation, since the determination or extraction is carried out in a flow system, and E can be controlled by using an outer circuit. The flow system has another merit: that a flow cell such as a column electrode for the adjustment of the oxidation state of the species of interest can be connected without difficulty in front of the FECRIT.
Finally, the durability of the FECRIT system was investigated in connection with the practical application of the system, and was confirmed to be fairly good, as follows; When the flow injection analyses of Ca 2+ were repeated by using the Ag/AgCl-FECRIT system with DCE containing 0.01 M TODGA in addition to 0.01 M BTPPA + TFPB -(SE), and injecting 50 μL of sample solution containing 2 × 10 -4 M Ca 2+ into the stream (f = 0.1 mL min -1 ) of W containing 5 × 10 -3 M MgCl2 (SE). The E applied to FECRIT was +0.12 V versus TEAE. The efficiency of the flow injection analysis did not change even after 100 repetitions (99.5 ± 0.5% (n = 5)).
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